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Large Conformational Changes
in the Catalytic Cycle
of Glutathione Synthase
dissociates to form the products glutathione, inorganic
phosphate, and ADP.
Two forms of glutathione synthase deficiency in hu-
mans have been described: a mild form, referred to as
glutathione synthase deficiency of erythrocytes, which
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system damage [8–11].
Glutathione synthase (GS) functions as a homodimer
[12], and belongs to the ATP-grasp enzyme superfamily.Summary
The members of this family exhibit carboxylate-amine/
thiol ligase activity and have a wide range of substratesGlutathione synthase catalyzes the final ATP-depen-
dent step in glutathione biosynthesis, the formation of [13, 14]. The structure of human glutathione synthase
in complex with glutathione, ADP, and two magnesiumglutathione from -glutamylcysteine and glycine. We
have determined structures of yeast glutathione syn- ions was previously determined [7], however, the struc-
ture of the free enzyme is unclear. Here we describethase in two forms: unbound (2.3 A˚ resolution) and
bound to its substrate -glutamylcysteine, the ATP the structure of yeast glutathione synthase in both the
unbound form and in complex with its substrateanalog AMP-PNP, and two magnesium ions (1.8 A˚ res-
olution). These structures reveal that upon substrate -glutamylcysteine and the nonhydrolizable ATP-analog
AMP-PNP. Comparison of these structures reveals sub-binding, large domain motions convert the enzyme
from an open unliganded form to a closed conforma- stantial conformational changes in which the free en-
zyme, which adopts an open conformation, grasps thetion in which protein domains completely surround the
substrate in the active site. substrate and ATP-analog by forming new secondary
structure elements and bringing two domains, which are
distant in the free structure, into close apposition toIntroduction
form an enclosure around the ligands.
Glutathione functions in maintaining the reducing chem-
ical environment in living cells, which is important for Results and Discussion
many biological processes. These include protection of
cells against reactive oxygen species (ROS), mainte- The structures reported here were determined in the
following way. First, the structure of the apo form ofnance of protein thiols in the reduced state, and mainte-
nance of reduced ascorbic acid [1–3]. Glutathione also the yeast GS was determined to 2.3 A˚ resolution by
molecular replacement using the human product-com-functions as a redox partner in the formation of deoxyri-
bonucleotides from ribonucleotides, and as a cofactor plex structure as search model [15]. This structure was
refined and then used as the search model for determi-for several enzymes [1, 3]. A progressive depletion in
glutathione content in humans has been associated with nation of the substrate-complex structure, which was
ultimately refined to 1.8 A˚ resolution (Table 1, Figure 1).human immunodeficiency virus (HIV) [4] and hepatitis C
infections, as well as type II diabetes, adult respiratory The free and substrate-bound enzymes crystallize in
two unrelated lattices, each of which contained two mol-distress syndrome, and other diseases. Low glutathione
level is also a primary risk factor for the development ecules per asymmetric unit, corresponding to the physi-
ological dimer.of cataracts [3].
Glutathione is synthesized in two ATP-dependent
steps. First, -glutamylcysteine (GGC) synthase cata- Structure of the Ligand-Bound Enzyme
Overall Structurelyzes the formation of GGC. The final step is catalyzed
by glutathione synthase: The structure of yeast GS in complex with both GGC
and AMP-PNP/Mg2 (Figure 2A) is similar to that of the
-glutamylcysteine  glycine  ATP → human enzyme (sequence identity 35%) in complex with
the reaction products ADP and glutathione [7]. For theglutathione  ADP  Pi
sake of clarity, we have retained the secondary structure
The ligation reaction is thought to proceed in the follow- nomenclature used for the human enzyme, and have
ing manner [5–7]: The C-terminal carboxylate of GGC is denoted elements unique to the structure presented
phosphorylated by transfer of the -phosphate group here with primes (Figure 3).
of ATP to form an acylphosphate intermediate. Nucleo- There are two crystallographically independent mole-
philic attack on this intermediate by glycine leads to the
formation of a tetrahedral carbon intermediate, which
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Table 1. Statistics from the Crystallographic Analysis
Diffraction Data Statistics
Crystal GS GS  ligands
Wavelength (A˚) 0.9794 1.040
Resolution (A˚) 20–2.3 20–1.8
Measured reflections 57,3251 505,425
Unique reflections 45,753 91,335
Completeness1 98.5% (100.0%) 97.2% (95.4%)
Rsym2 0.125 (0.177) 0.066 (0.40)
I/I 9.8 15.17
Refinement Statistics
GS GS  ligands
Resolution range 20–2.3 20–1.8
Number of reflections (observed) 44,565 88,565
Number of reflections (Rfree) 2340 4433
R factor/Rfree 0.216/0.237 0.172/0.196
Rmsd bond lengths 0.010 0.011
Rmsd bond angles 1.3 1.6
Rmsd dihedral angles 23.5 23.2
Rmsd improper angles 0.86 0.97
Rsym  I  |I  I|/I, where I is observed intensity and I is average intensity. Rcryst  100 	 ||Fobs|  |Fcalc||/|Fobs| where Fobs are the
observed structure factors and Fcalc are the calculated structure factors. The crystallographic R factor, Rcryst, is based on 95% of the data used
in refinement, and the free R factor, Rfree, is based on 5% of the data withheld for the crossvalidation test. Rmsd, root mean square deviation.
Over 90% of the main chain dihedrals fall within the “most favored regions” of the Ramachandran plot [22].
1 Completeness for the highest resolution shell in parenthesis.
2 Rsym for the highest resolution shell in parenthesis.
cules per asymmetric unit. The current model includes main domain is characterized by an 
/-fold comprised
of two topological subdomains: one of these is formedresidues 6–491 of molecule 1, with no electron density
apparent for residues 211–215; for molecule 2, residues by a set of helices packed against an antiparallel
-sheet, and the other by a set of helices that pack5–491 have been modeled, with regions 211–216 and
387–388 lacking clear electron density. In addition, each against a parallel -sheet. These two subdomains pack
together to form the single globular main domain.monomer is bound with one GGC molecule, one AMP-
PNP, and two magnesium ions at the active site. The smaller “lid” domain, which includes residues
355–417, consists of an antiparallel  sheet with helicesThe overall structure is composed of two domains, a
large “main” domain and a smaller “lid” domain. The packed on one side, and is situated as a protrusion that
Figure 1. Electron Density Maps
Sample region of the 3fobs-2fcalc electron den-
sity map for the liganded form of yeast GS,
contoured at 1.5, showing part of the active
site with the final refined model.
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Figure 2. Overall Structure
Ribbon diagrams of (A) the yeast glutathione synthase dimer bound to -glutamylcysteine, AMP-PNP, and 2 magnesium ions per monomer,
and (B) the yeast glutathione synthase dimer. Helices are shown as cylinders, and the NH2- and COOH-termini are indicated. -glutamylcysteine
and AMP-PNP are shown in an all-atom representation and the magnesium ions are shown as cyan spheres.
topologically connects the two subdomains of the main contributed by both the lid and main domains. A  sheet
and a glycine-rich loop from the lid domain form part ofdomain. The active site, which is clearly demarcated by
the bound ligands, is formed at this interface by residues the Mg2/ATP binding site and make extensive contacts
Figure 3. Structure-Based Sequence Alignment of Yeast Glutathione Synthase and Human Glutathione Synthetase
The corresponding secondary structure elements are shown above (yeast) and below (human) the alignment. Secondary structure differences
are denoted with primes. The elements shown in red are disordered in the unliganded form of yeast glutathione synthase. The loop shown
in green is disordered in the ligand-bound enzyme. Sequence identities are highlighted in purple.
Structure
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Figure 4. Binding of -Glutamylcysteine (GGC), AMP-PNP, and 2 Magnesium Ions to the Active Site of Glutathione Synthase
The ligands are shown in an all-atom representation, with the magnesium ions as cyan spheres and the water molecules as red spheres.
Residues Leu132, Val145, Val380, Met415, Leu417, and Ile418 form a hydrophobic adenine binding pocket. There are hydrogen bonding
interactions between adenine N6 and carbonyl oxygen of Glu416, ribose O2 with N of Lys469, O3 with O2 of Glu442, O4 with the hydroxyl
group of Tyr393, and O5 with to N2 of Asn391. The side chains of lysines 324 and 382 form salt bridges with the 
 and  phosphates.
Magnesium 1 is coordinated by oxygen atoms from 
 and  phosphates, O1 of Glu146, and 3 water molecules. Magnesium 2 is coordinated
by oxygen atoms from the  and  phosphates, O1 of glu386, both side chain oxygen atoms of Glu146, and a water molecule, which is
coordinated by Asn148 O1. The carboxylate oxygens of the -glutamyl moiety of GGC form a salt bridge with Arg285 and are within hydrogen-
bonding distance from Ser153 and Asn230. The amide nitrogen is in hydrogen-bonding distance from O2 of Glu228, OH2 of Tyr288, and the
carbonyl oxygen of Arg285. The carboxylate oxygens of the cysteine moiety form a salt bridge with Arg128 and are in hydrogen-bonding
distance from the amide of Ser153. The amide of the cysteinyl moiety hydrogen bonds to the carbonyl oxygen of Ser151 and to O of Ser153.
There are 2 conformations for AMP-PNP and GGC present in our structure. These conformations affect the positions of the phosphates and
the position of the thiol group, respectively. For clarity, we show only one conformation for each ligand in this figure.
Gd3 anomalous difference Fourier map, contoured at 9, is shown in magenta. Bivjoet mates were collected using the inverse beam geometry
at beamline X4A of the National Synchrotron Light Source (Rsymm  5.4%, completeness  92.1% to 2.5 A˚ resolution;   1.5498 A˚, fGd″ 
13.3 e).
with the nucleotide ligand, thereby giving the appear- is moved back to accommodate the -phosphate of
AMP-PNP.ance of a hinged lid.
A dimer interface, similar to that observed for the The positions of two magnesium atoms have been
confirmed by crystallization of the protein in the pres-human structure, is formed between the two molecules
of the asymmetric unit, thus forming a pseudo-2-fold ence of Gd3 as a magnesium analog, and acquisition of
Bijvoet difference data. An anomalous difference Fourieraxis. This dimer interface is formed mainly by contacts
between the 2 strands, hydrophobic interactions be- map revealed peaks at the expected positions for the
two magnesium ions (Figure 4).tween helix 
2 from one monomer and helix 
9 from the
other, a salt bridge between Arg170 and Glu243, and Magnesium 1 is coordinated by an 
-phosphate oxy-
gen, an oxygen from -phosphate, O1 of Glu146, andadditional van der Waals and hydrogen bonding con-
tacts. The structures of the two monomers of the asym- 3 water molecules. This is similar to the Magnesium
1 coordination in the human structure, except in thatmetric unit are essentially identical, although symmetry
constraints were not included in the refinement. structure, a sulfate oxygen takes the place of one of
the water ligands which, notably, is coordinated by theATP and Mg Binding
ANP-PNP binds between strand pairs 4, 5 of the main carboxyl end of the GGC substrate in our structure.
Magnesium 2 is coordinated by oxygen atoms fromdomain and 13, 14 of the lid domain (Figure 4), with
interactions similar to the binding of ADP in the human the -phosphate and the -phosphate, O1 of glu386,
both side chain oxygen atoms of Glu146 and a waterstructure and other ATP-grasp proteins [7]. The hy-
drophobic adenine binding pocket includes Ile418, molecule. This water molecule is coordinated by Asn148
O1. The corresponding residue in the human structureLeu132, Met415, Val380, Leu417, and Val145. Hydrogen
bonds are found between adenine N6 and carbonyl oxy- directly coordinates the magnesium ion. These differ-
ences from the human structure potentially reflect agen of Glu416, and adenine N1 and the amide nitrogen
of Ile418. Hydrogen bonding interactions of the ribose structural transition between the substrate- and prod-
uct-bound states of the enzyme.include ribose O4 with the hydroxyl group of Tyr393,
ribose O3 with O2 of Glu442, and atom O2 with N of Substrate Binding
The binding of -glutamylcysteine is very similar to theLys469. Ribose O5 hydrogen bonds to N2 of Asn391,
and the side chains of lysines 382 and 324 form salt binding of glutathione in the human structure. There are
extensive interactions of the -glutamyl and cysteinylbridges with the 
 and  phosphates. These interactions
are highly conserved between the human and the yeast moieties with highly conserved residues that exhibit
nearly identical binding modes in both structures. Theenzyme structures. In our structure, AMP-PNP has two
different conformations that differ in the position of the -glutamyl moiety of GGC forms a salt bridge with func-
tional groups from Arg285 and hydrogen bonds withphosphates. The -phosphate of one of these conforma-
tions is not visible. Notably, in the human product-com- Ser153, Asn230, and Glu228 (Arg267, Ser151, Asn216,
and Glu214, respectively, in the human enzyme). Theplex structure, an ADP -phosphate oxygen hydrogen
bonds to the main chain amide of Gly370 (388 in yeast) cysteine moiety forms a salt bridge with Arg128 and
hydrogen bonds to Ser151 and Ser153 (see legend toof the glycine-rich loop. In our structure, this loop
Catalysis in glutathione synthase
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Figure 4 for details). Arg125, Ser149, and Ser151 are with residues of this helix when the enzyme is in the
closed form. The side chain of Asp97, near the C-ter-the corresponding residues in the human enzyme. The
substrate has two conformations in our structure that minal end of helix 
4, makes a salt bridge with the N
atom of Arg385 in the glycine-rich loop of the ligandeddiffer in the position of the thiol group. Superposition
of the human and yeast structures show that the sulfate structures. We note that these are conserved residues,
suggesting their function in snapping the lid closed.ion bound in the human enzyme’s active site is very
close to the carboxyl end of the substrate in the yeast Crystal packing interactions involving the lid domain
are negligible for the closed conformation, but couldenzyme’s active site. This sulfate is positioned in a way
that suggests potential mimicry of the phosphate in the potentially contribute to stabilization of the open form
of the enzyme.short-lived phosphoracyl reaction intermediate that is
the ultimate glycine acceptor. The region from residue 470–482, which includes
strands 18 and 18″, is seen only in the liganded struc-In the human product-complex structure, the glycine
moiety of glutathione interacts through hydrogen bonds tures and, remarkably, in substantially different confor-
mations in the substrate and product complexes. Thiswith the amides of Val461 and Ala462, which are in a
loop referred as “the Ala-rich loop” [7]. This loop also region is apparently disordered in the free structure,
although it should be noted that the data for the unli-interacts with residues of the lid domain, resulting in
shielding of the active site from the solvent. The corre- ganded form is relatively weak, and this may partially
contribute to the absence of electron density.sponding residues in the yeast structure (V478, A479)
are part of  strands 18 and 18″—two strands not
observed in the product complex—which are positioned
Likely Domain Movements in the Catalytic Cycleaway from the active site. While the formation of these
Here we report structures of yeast glutathione synthase strands may reflect differences in the reactant- and
in the apo form and in complex with its substrate GGCproduct-complexes, we note that these strands are also
and Mg2/AMP-PNP. This provides snapshots of twoinvolved in a small crystal contact. However, this confor-
stages in the catalytic cycle of the enzyme. A third state,mation leaves an open channel to the active site, which
the complex with reaction products, is not yet known formay provide the means of ingress for the final glycine
the yeast enzyme; however, the previously determinedreactant.
structure of the closely related human enzyme may pro-
vide a good model for this state. Every secondary struc-
ture element proximal to the active site, including allStructure of the Free Enzyme
The overall structure of the apo form of GS (Figure 2B) those of the lid domain, the glycine-rich loop, and helix

4, which forms upon ligand binding, are conservedis similar to that of the complexed forms, except for (1)
substantial alteration of the relative positions of the main between the two enzymes. In the18–18″ region, there
are no insertions or deletions, and the sequence thatand lid domains, and (2) the loss of secondary structure
elements which are likely involved in stabilization of the includes the entire 18″ strand is completely conserved.
This leads us to suggest that the conformational differ-active site. The current model comprises residues 5–491
for both monomers. Regions 87–99, 137–139, 385–388, ences between the yeast prereaction complex and the
human postreaction complex are likely to represent dif-and 470–482 of monomer 1 appear to be disordered,
and residues 87–98, 137–139, 385–389, and 471–482 are ferences in the enzyme state rather than interspecies
differences in structure.apparently disordered in monomer 2. The structure of
the two crystallographically independent monomers is A simplified view of the conformational changes likely
associated with the catalytic cycle of glutathione syn-essentially identical, although the mobility of the lid do-
main differs widely, as evidenced by B factor analysis. thase is presented in Figure 6. The free form of the
enzyme exists primarily in an open conformation, poisedThe dimerization interface is also very similar to that of
the complex structure, giving no structural indication to bind its ligands—GGC and Mg2/ATP. Binding of
these ligands stabilizes the conformation in which thefor cooperativity between the two active sites.
In the free enzyme structure, the lid domain rotates lid domain is closed, and is held in place by several
interactions, including those with the newly formed helixaway from the main domain by 64, leaving the active
site residues completely exposed to solvent (Figure 5). 
4. Although Mg2/ATP is held in place by the closed
conformation of the lid domain, the active-site proximalThe glycine-rich loop of yeast GS, which forms part
of the Mg2/ATP binding site, is disordered in the apo region encompassing 18–18″ adopts a conformation
that enables the retention of solvent accessibility to theenzyme. The free and liganded glutathione synthases
(both yeast-substrate and human-product complexes) active site, allowing for ingress of the final substrate,
glycine. In the product complex, the 18–18″ regionalso differ in their secondary structure, with two strands
and one helix observed in the liganded structures not adopts a compact structure in which the active site
is entirely occluded from solvent [7]. Further solventseen in the free. These observations suggest that these
complex-specific structural elements form upon ligand shielding is achieved by the movement of the glycine
loop, no longer restrained by the -phosphate of thebinding to the free enzyme.
Helix 
4, spanning residues 87–97, appears to be dis- ATP-analog, further into the active site. This product
complex may partly mimic the phosphoracyl intermedi-ordered in the structure of the free enzyme, and is only
observed in the liganded structures. Although there are ate: a sulfate ion is positioned in the active site near the
cysteine carbonyl in the likely position the phosphateno direct contacts between 
4 and substrate molecules,
the lid domain is positioned to come into close contact group of a phosphoracyl intermediate would adopt.
Structure
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Figure 5. Movement of the Lid Domain Illustrated by Superposition of Main Domains in the Free and Liganded Forms
(A) The purple ribbon depicts a monomer of the unliganded form with the lid domain away from the active site and the enzyme in the open
conformation. The green ribbon shows a monomer of the liganded form with the lid domain moving in to cap the active site, and the enzyme
in the closed conformation Also note the formation of helix 
4 in the closed form from residues that are disordered in the open form (residues
87–99).
(B) View 90 away from (A). Helices are shown as cylinders and the NH2- and COOH-termini are indicated. -glutamylcysteine and AMP-PNP
are shown in an all-atom representation and the magnesium ions are shown as cyan spheres.
Thus, this closed conformation may reflect the disposi- with the members of the ATP-grasp superfamily. Several
prokaryote enzymes within this superfamily have yieldedtion of the enzyme during addition of the final glycine.
Our results do not further understanding of the mecha- high-resolution structures, including the E. coli glutathi-
one synthase (ecGS) and the E. coli biotin carboxylasenism of product release.
[5, 7, 16, 17]. Although the spatial arrangement of do-
mains is largely similar among the ATP-grasp proteins ofComparison to Other Members
of the ATP-Grasp Superfamily known structure, the positions of some structural elements
have been permuted in the linear sequences [7].The structure of the human glutathione synthase re-
vealed that, despite the lack of significant sequence ecGS performs the same reaction as its eukaryotic
counterparts, but has a different quaternary organiza-identity, this enzyme shares core structural elements
Figure 6. Snapshots of Conformational Changes in the Catalytic Activity of Glutathione Synthase
(A) Yeast glutathione synthase.
(B) Yeast glutathione synthase bound to its substrate -glutamylcysteine, AMP-PNP, and two magnesium ions.
(C) Human glutathione synthetase bound to the product glutathione, ADP, and two magnesium ions [7]. The lid domain is shown in purple,
helix 
4 is shown in orange, and the loop that includes strands 18 and 18″ is shown in green. -glutamylcysteine, AMP-PNP, glutathione,
and ADP are shown in an all-atom representation and the magnesium ions are shown as cyan spheres. See text for details.
Catalysis in glutathione synthase
1675
dimensions a  51.7 A˚ b  52.0 A˚ c  100.6 A˚ 
  82.1   86.8tion, forming a tetramer in solution [17]. A detailed com-
  77.5 and contain 2 protein molecules per asymmetric unit. Theparison of the product complexes of the E. coli and
crystals were flash-frozen at 100K in the well solution supplementedhuman enzymes demonstrated similar modes of ligand
with 30% glycerol. Data was collected at beamline ID-32 of the
binding [7]. The two loops that cover the active site in the Advanced Photon Source and at beamline X4A of the National Syn-
human structure are also present in the E. coli product chrotron Light Source (NSLS). The data was processed and merged
with the HKL program suite [19]. The structure of the human glutathi-complex [5]. These loops are invisible (disordered or
one synthase was used as a molecular replacement model for theflexible) in the free E. coli enzyme structure [17]. Never-
apo form of yeast GS with the program Amore [15], which wastheless, helix
4 has no counterpart in the E. coli enzyme,
subsequently used as a model for the substrate complex. Refine-and the lid domain is involved in dimer interactions and
ment was performed using CNS [20]. Figures were made using the
does not appear to undergo a large reorientation upon program SETOR [21].
ligand binding.
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